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Two marine bivalves, Mytilus galloprovincialis and Callista chione, were exposed to various concentra-
tions of cadmium and nickel (0.5, 1.0, 2.5 and 20 ppm), for 20 days, plus 10 days’ depuration period, in a
laboratory experiment. Animals from each experimental condition were dissected and the bioaccumulation
and distribution of Cd and Ni were determined in their gills, mantles and remaining bodies. The concen-
trations of Fe and Zn were also measured. Heavy metal tolerance, bioconcentration and distribution of
heavy metals in tissues were considerably different in M. galloprovincialis and C. chione: (i) both animals
were tolerant to Ni pollution, even at the highest concentration used; (ii) C. chione was more tolerant
to Cd; (iii) M. galloprovincialis was a better Cd and Ni accumulator, with the exception of the highest
Cd concentration tested, where C. chione accumulated more Cd; (iv) Fe and Zn levels were much more
affected in M. galloprovincialis; (v) in general, accumulation and distribution of Ni and Cd in the tissues
were metal-, species- and time of exposure- dependent; (vi) significant amounts of heavy metals remained
in the tissues after 10 days’ depuration. Our results support a hypothesis for a two competing processes
mechanism for metal accumulation and detoxification.
Keywords: Mytilus galloprovincialis; Callista chione; cadmium; nickel; marine pollution;
bioaccumulation
1. Introduction
Trace metals exist naturally in the earth’s crust. Some of them (e.g. copper, zinc, iron), are
essential for biological systems, as they participate in numerous biochemical enzymatic processes
and have important structural and functional roles on metal-related biological molecules, e.g.
metallothioneins.[1–4] On the other hand, trace metals such as cadmium, lead, or mercury are
generally toxic for living organisms, even at low concentrations in the environment.[5,6] The
interactions of the trace metals with various organisms are very complex. In many cases, these
interactions lead to the accumulation of toxic trace metals in different parts of the organisms with
unpredicted results on their health. Trace metals that are introduced and biomagnified through the
food chain may affect human health.[7–10]
∗Corresponding author. Email: lydakis@chania.teicrete.gr
© 2014 Taylor & Francis
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2 O. Chalkiadaki et al.
Trace metal pollution is one of the most important environmental problems in areas affected
by intense anthropogenic activities.[11–13] The scientific research on this topic is of high priority
as well as the establishment of effective monitoring networks that shall provide the information
needed for minimising this environmental threat. Regarding aqueous environments, the use of
bioindicators and biomarkers has recently become very wide as it can provide information about
the ecotoxicological activity of pollutants.[9,14–21]
In this work, the accumulation of Cd and Ni in different parts of Mytilus galloprovincialis
and Callista chione is studied in laboratory conditions. Cadmium is considered as a toxic metal
[22,23] even at low concentrations (although it can be useful for some diatoms [24,25]) and its
accumulation in several bioindicators has been studied. Nickel is an essential micronutrient for
organisms, which, however, can be converted to toxic at high concentrations.[26–29] Relatively
few studies exist about Ni accumulation and its impact in aquatic organisms.
In this study we compare the behaviour of two bivalves (Mytilus galloprovincialis and Callista
chione) living in different habitats, in seawater containing Cd and Ni in concentrations higher than
those usually measured in polluted environments. The purpose of the use very high concentrations
of pollutants was on one hand the study of the behaviour of these organisms when exposed to
very high levels of contamination (which may be caused e.g. by an industrial accident) and on the
other hand to examine the possibility of the existence of a biochemical ‘record’ in these organisms
showing a short but intense pollution of a coastal area. The tolerance of the two species under
examination in several levels of Cd and Ni pollution, as well as the accumulation of the metals
in gills, mantle and the remaining body, and the depuration of the organisms after they return in
a heavy metal-free environment were investigated. We also studied the effects of the exposure of
bivalves to Cd and Ni on the behaviour, variations and distribution of other, biologically related
metals (Fe and Zn) in order to examine possible synergistic or antagonistic phenomena.
The Mediterranean mussel Mytilus galloprovincialis, has been widely used as bioindicator
for trace metals contamination of coastal areas. It has been studied in natural and in laboratory
conditions for its behaviour in trace metal-contaminated environments, but there is not enough
information on the distribution and the biochemical role of metals in its various parts.[13,16,17,
22,23,27,30–38] Other mollusks have also been studied for their capacity to accumulate heavy
metals.[4–6,9,15,39–43] However, much more work needs to be done towards this direction, as
it has been shown that the accumulation of heavy metals in different organisms is metal- and
organism-dependent,[32,44,45] and there are many aquatic organisms, some of them with high
commercial value, with almost unknown behaviour in heavy metal polluted environments. One of
the less studied bivalves, very common in the dietary tradition of many Mediterranean countries,
is Callista chione, a clam which leaves in the coastal mud. This work adds knowledge on the
behaviour of this commercially important animal in heavy metal polluted environments.
2. Materials and methods
Mussels (Mytilus galloprovincialis) were collected from an aquaculture in Elefsis bay, SE from
the city of Athens. The culture was 7–8 m under sea surface. Smooth clams (Callista chione)
were hand-collected by scuba divers from populations (about 10 m under sea surface) inhabiting
in the coastline of Aegina island, in Saronikos gulf, Greece. Both species were brought alive in
the laboratory, where they were put in 70 L aquaria. The aquaria were filled with natural seawater
collected from an unpolluted area with 36‰ ± 1‰ salinity. Air was continuously pumped in the
seawater. Callista chione were placed in a sand layer at the bottom of the aquaria. Before use, the
sand was washed thoroughly with deionised water and kept in deionised water overnight. Finally,
it was washed three times with deionised water. Care was taken to use animals with the same shell
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Chemistry and Ecology 3
length (6–8 cm), as size is related with the age of the organisms. The age of the animals used in
this study was estimated 12–15 months for M. galloprovincialis and about 2 years for C. chione.
Animals were not collected during spawning periods as the organisms’ nutrition (filtering rate) is
altered at that period of time and the metal uptake rate is affected.[46,47]
Immediately after their arrival in the laboratory, 10 animals were dissected on ice, and the
gills and mantles were removed from the remaining bodies. The three separated tissues were
washed thrice in deionised water and kept at −24◦C until use. The metal levels in these tissues
are designated as ‘Day 0’.
The organisms were acclimated to the laboratory conditions in constantly aerated seawater
for five days and then were transferred to 70 L aquaria (2.5 animals/L seawater for M. gallo-
provincialis and 1 animal/L seawater for C. chione) and were exposed to 0.5 mg/L, 1.0 mg/L,
2.5 mg/L and 20.0 mg/L Cd or Ni for 20 days. These amounts correspond to 4.4, 8.9, 22.2 and
177.9μmol Cd/L and to 8.5, 17.0, 42.6, 340.7μmol Ni/L, respectively. Half of the water volume
was replaced by fresh seawater every second or third day, depending on the number of animals in
the aquaria. Fresh seawater was the only food source for the animals throughout the experiment.
Temperature was kept at 17–18◦C. After the five-day acclimation period, the corresponding trace
metal concentration was added to each of the aquaria.After five days of exposure, 30 animals from
each experimental condition were removed. They were divided to three groups of 10 animals for
preparation of three composite samples (‘Day 5’). The animals were dissected on ice and the gills,
mantle and the remaining body were separated. The tissues were washed quickly in deionised
water and stored at −24◦C until heavy metal analysis. This procedure was repeated at the 10th,
15th, and 20th day of the experiment. After the 20th day, the remaining animals were transferred
to fresh, heavy metal-free seawater for a 10-day depuration experiment. Seawater in the aquaria
was replaced with fresh every two days. These animals were then dissected as described above.
Control animals were kept in metal-free seawater throughout the experiment. The aquaria were
inspected very frequently (several times a day) for dead animals, which were removed immedi-
ately, and if they were still intact they were dissected as described above for later analysis. After
removing dead organisms, the seawater in the aquarium was immediately replaced by fresh (with
the addition of the appropriate amount of the heavy metal stock solution).
Tissue samples used for the determination of metals concentrations were lyophilised (Lab-
Congo, Freezone 4.5 lyophiliser) and homogenised to fine powder. 0.3–0.5 g of the dry tissues
were digested overnight with 7 mL concentrated HNO3 in closed PTFE beakers on a hot plate at
80◦C. The digests were diluted to 25 mL and stored in polyethylene bottles at 4◦C until analysis.
Control samples, blanks and reference materials (Quasimeme QTM 044 BT, Mytilus edulis and
IAEA 436, tuna fish) were also digested and measured as described above.
For the determination of the background metal levels, heavy metal analysis was performed on
the natural seawater used in the aquaria and on the sand used in the aquaria of Callista chione.
Seawater samples were filtered through 0.45 μm, Millipore filters in order to collect particulate
heavy metals. The filters were treated overnight with concentrated HNO3 in closed PTFE beakers
on a hot plate.[48] Dissolved trace metals were pre-concentrated on Chelex-100 resin columns
[49] and eluted by 2N HNO3. The sand samples were frozen, lyophilised, homogenised and sieved
through 1 mm sieve. The total cadmium and nickel content of the sediments was determined after
acid digestion with concentrated acids (HNO3 – HClO4 – HF) in Teflon beakers according to ISO
14869-1:2000 method.[50]
Concentrations of Cd, Ni, Zn and Fe in tissue digests and of Cd and Ni in seawater sam-
ples and the sediments were determined by Atomic Absorption Spectrometry. Flame atomisation
(FAAS, Varian SpectraAA 200) was used for Cd, Zn and Fe, whereas electrothermic atomisation
(Graphite Furnace Atomic Absorption Spectrometry with background correction based on the
Zeeman Effect, Varian SpecraAA-640Z GTA 100) was used for Ni determination. Three mea-
surements were carried out on each sample. Differences more than 10% between values were
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4 O. Chalkiadaki et al.
not acceptable and in these cases atomic absorption measurements were repeated. The relative
standard deviations of all the triplicate analyses ranged between 5 and 25%.
The detection limits (LOD) of the atomic absorption methods using the above mentioned
equipment for Cd were 0.01, 0.001 and 4 ppb for dissolved, particulate and sand samples respec-
tively. For Ni the detection limits were 0.03 ppb for dissolved and particulate samples whereas
for sand samples the LOD was 280 ppb. The quantification limits (LOQ) for both metals were
approximately three times higher than the detection limits.
The accuracy of the procedures was tested by certified reference materials, Quasimeme QTM
044 BT (Mytilus edulis), IAEA 436 (tuna fish) and PACS-2 sediment. The recovery for all metals
was between 97% and 102% with very low standard deviation values.
3. Results and discussion
Seawater samples from the areas of Mytilus galloprovincialis cultures and Callista chione har-
vesting sites were analysed for their heavy metal content. Similar analyses were carried out for
the seawater used for the experiments presented in this paper. The background concentration for
dissolved cadmium varied between 0.01 and 0.06μg/L, whereas for dissolved nickel it varied
between 0.27 and 0.88μg/L, far below the USEPA limits for chronic toxicity to aquatic life in
saltwater (8.8μg/L and 8.2μg/L for Cd and Ni, respectively,[51]). Particulate cadmium and
nickel were below detection limits for all the sampling stations. The values measured in seawater
samples for both metals were in agreement with corresponding measurements from these sites,
performed on a regular basis in our laboratory.[52]
The Cd concentrations found in the digested sand samples were below detection limits, whereas
Ni concentrations were very low (data not shown). According to USEPA and the criteria set
for sediment concentrations of metals, Cd and Ni concentrations in sediments used in Calllista
chione aquaria were in the category of the non-polluted (below detection limit for cadmium and
<20 mg/kg for nickel).[53]
3.1. Heavy metal accumulation in the tissues of M. galloprovincialis and C. chione
Table 1 contains the Cd and Ni concentrations in the three tissues dissected from animals imme-
diately after their arrival in the laboratory. These values are represented as ‘Day 0’ in Figures 1–3.
The Cd and Ni values measured in the tissues of both animals the Day 0 are low. The back-
ground nickel concentration in C. chione is higher than the corresponding concentration in M.
galloprovincialis (mainly in the mantle and the body). The Cd and Ni concentrations in the three
tissues of M. galloprovincialis and C. chione for all the examined conditions and the days of
exposure are presented in Figures 1 and 2, along with ± SD for all the conditions examined.
Table 1. Concentrations of Cd and Ni (μg/g dry weight) in gills, mantle and the remaining body
of M. galloprovincialis and C. chione at the Day 0.
Cd Ni
M. galloprovincialis C. chione M. galloprovincialis C. chione
Gills 3.4 1.1 2.9 3.5
Mantle 2.2 1.1 0.6 6.4
Body 2.2 4.5 1.8 20.6
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Chemistry and Ecology 5
Figure 1. Cd concentration vs. time in gills, mantle and the remaining body of M. galloprovincialis (a–c) and C. chione
(d–f) in different Cd concentrations in seawater. (a) and (d) gills, (b) and (e) mantle, (c) and (f) remaining body.
3.1.1. Cd
Both species were exposed to 0.5, 1.0, 2.5, and 20.0 mg/L Cd for 20 days, corresponding to 4.4,
8.9, 22.2, and 177.9μmol Cd/L, respectively. The lack of points at higher Cd exposure levels
in Figure 1 is due to high mortality of the organisms in these conditions and, consequently, the
decrease of the available populations for the continuation of the experiment (see below). Exposure
of M. galloprovincialis to 2.5 mg Cd/L seawater resulted in the extinction of the population within
10 days, whereas exposure to 20 mg Cd/L accelerated the lethal effects (all the organisms died in
5 days, Table 2). C. chione was more tolerant to Cd contamination: organisms survived in both
2.5 mg and 20 mg Cd/L seawater for 10 days (Figure 1).
In general, the accumulation of Cd in the three tissues of M. galloprovincialis followed the order
gills > body > mantle (Figure 1(a)–(c)). This trend for M. galloprovincialis has been observed in
other studies [23,31,54] as well. The Cd concentrations in the gills at ‘Day 5’presented statistically
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6 O. Chalkiadaki et al.
Figure 2. Ni concentration vs. time in gills, mantle and the remaining body of M. galloprovincialis (a–c) and C. chione
(d–f) in different Ni concentrations in seawater. (a) and (d) gills, (b) and (e) mantle, (c) and (f) remaining body.
significant differences (independent samples t-test, p < 0.05). Interestingly, there was a significant
decrease in Cd concentration in all M.galloprovincialis tissues after the 15th day of the experi-
ment in 1.0 mg Cd/L. Gills accumulate Cd more effectively in 1.0 mg Cd/L (Figure 1(a)). Higher
Cd concentrations in seawater cause a decrease in Cd concentration in mussels’ gills. These
observations could be due to either a reduction in the feeding rate through water filtering when
animals are in stress conditions, or due to a triggering of a defensive mechanism, which occurs
earlier (i.e. the 5th day of exposure) when the animals are exposed to concentrations higher than
1.0 mg Cd/L seawater or later (i.e. the 15th day of exposure) when they are exposed to lower
Cd concentrations. This hypothesis is supported by the observation that there was a slowdown
in the uptake of Cd in the gills after 5 days of exposure to 2.5 mg Cd/L seawater: the additional
Cd, accumulated through filtering, could be removed effectively by this defensive mechanism.
Eventually, the toxic effects of Cd prevailed and the animals died. At even higher Cd levels, the
toxicity of the heavy metal was acute and the defensive mechanism was not able to protect the
D
ow
nl
oa
de
d 
by
 [T
ec
hn
olo
gic
al 
Ed
uc
ati
on
al 
In
sti
tut
e],
 [N
iko
s L
yd
ak
is-
Si
ma
nti
ris
] a
t 0
0:3
0 2
8 M
ay
 20
14
 
Chemistry and Ecology 7
(b)(a)
Figure 3. (a) Cd (A, C, E) and Zn (B, D, F) concentrations in the gills of M. galloprovincialis after exposure in 0.5 (A,
B), 1.0 (C, D), and 2.5 mg Cd/L seawater (E, F). (b) Cd (A, C, E, G) and Zn (B, D, F, H) concentrations in the gills of C.
chione after exposure in 0.5 (A, B), 1.0 (C, D), 2.5 (E, F) and 20 mg Cd/L seawater (G, H).
Table 2. Cd and Ni bioconcentration factors for M. galloprovincialis and C. chionea.
Cd Ni
M. galloprovincialis C. chione M. galloprovincialis C. chione
Gills Mantle Body Gills Mantle Body Gills Mantle Body Gills Mantle Body
4.4μmol/L 8.5μmol/L
Day 5 292 44 164 65 15 12 22 10 40 12 52 33
Day 10 295 41 96 155 38 54 42 31 48 14 15 18
Day 15 517 72 158 530 34 29 96 47 54 27 11 18
Day 20 590 82 240 286 55 37 102 61 59 1.0 10 16
8.9μmol/L 17.0μmol/L
Day 5 319 48 91 52 17 26 10 4.8 13 4.2 1.5 6.2
Day 10 397 88 155 128 34 27 15 5.2 12 5.6 3.1 11
Day 15 661 109 234 121 38 77 27 8.3 16 2.5 10 13
Day 20 256 68 164 267 18 31 39 15 38 1.9 4.6 10
22.2μmol/L 42.6μmol/L
Day 5 73 20 24 49 11 39 12 6.5 9.6 5.6 12 8.9
Day 10 62 36 62 45 15 42 12 7.5 13 2.6 0.3 4.0
Day 15 – – – – – – 22 6.8 18 4.5 2.5 2.8
Day 20 – – – – – – 32 16 22 3.5 8.3 3.8
177.9μmol/L 340.7μmol/L
Day 5 11 2.1 4.6 15.5 6.4 28 24 11 11 3.7 1.3 2.9
Day 10 – – – 34 16 35 20 9 9 2.0 1.4 3.4
Day 15 – – – – – – 37 13 12 1.7 1.2 4.7
Day 20 – – – – – – 34 10 14 7.2 4.6 32
a
- indicates no more alive organisms.
animals, whereas at the lowest Cd concentration examined in seawater, the accumulated Cd in
the gills probably did not reach the necessary threshold for the proposed defensive mechanism to
be triggered.
The Cd concentrations in the mantle and the body at ‘Day 5’ were almost the same and
independent of the exposure level (independent samples t-test, p > 0.05), whereas at the other
experimental periods, the cadmium concentrations measured in the mantle and body of the ani-
mals exposed to 0.5 mg Cd/L seawater were statistically different (independent samples t-test,
p < 0.05) than the other two exposure levels which were statistically same (p > 0.05). These
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8 O. Chalkiadaki et al.
observations probably show that the rate of the translocation of Cd from the gills (the first
destination of the metal in the organism) to the other tissues is steady and independent of the
levels of exposure. Owing to mortality (see below) and to an underestimation of the number
of animals that would be required, depuration data were available only for the lowest exposure
level (Figure 1(a)–(c)). During the 10 days of depuration, Cd concentration levels in the mussels
exposed to 0.5 mg Cd/L seawater for 20 days were reduced by 46% in the gills, whereas mantle
lost only 18% of the accumulated Cd and the body retained the total amount of the metal. Longer
depuration experiments are needed in order to examine the behaviour of each tissue of M. gal-
loprovincialis, but at least for the conditions we used, we can conclude that depuration occurs
rather slowly. Our results indicate that Cd contamination of these species, is most likely due to
the accumulation in the part of the animal we call ‘remaining body’. This is consistent with total
metal content determination in the three tissues under examination (see below).
Figure 1(d)–(f) presents the plots of Cd accumulation in the tissues of C. chione vs. exposure
time in the examined seawater concentrations. In general, the accumulation in the three different
tissues follows the same order as in the mussels’ tissues (gills > body > mantle). However, the
Cd concentrations in the clams’ tissues have two profiles: for the first three concentrations in the
seawater (namely 0.5, 1.0 and 2.5 mg Cd/L), the accumulated Cd was considerably lower than
the corresponding in mussels. At the highest concentration tested, (20 mg Cd/L seawater), the
concentrations of the accumulated Cd in all three tissues were higher than the corresponding in
mussels, and also, the accumulation of the metal in the body becomes higher than in the gills
changing the order mentioned above. Thus, per gram of dry weight, M. galloprovincialis is a
much more effective Cd accumulator than C. chione at relatively lower pollution levels, but the
opposite is true for higher pollution levels. Higher Cd concentrations in seawater result in higher
Cd concentrations in all tissues, in general. The ‘saturation’ of the Cd accumulation which is
observed in mussels’ mantle and body above 1.0 mg/L seawater is absent in clams. In contrast,
the accumulation of Cd in the body of clams increases dramatically when exposed to higher Cd
concentrations (Figure 1(f)) until the bivalves die. Cd accumulation in C. chione gills seemed to
slow down after 15 days of exposure at 0.5 mg Cd/L, after 10 days of exposure at 1.0 mg Cd/L,
and after 5 days of exposure at 2.5 mg Cd/L. This behaviour is similar to what we observed for
M. galloprovincialis gills, and it could be rationalised again considering two competing processes
taking place, namely the uptake of the metal through water filtering and a biological defensive
mechanism, the triggering of which depends on the pollution level and/or time of exposure.
Mantle and body exhibit a decrease in Cd concentration after 15 days in 1.0 mg Cd/L seawater
(Figure 1(e) and (f)). In general, C. chione survives better compared to M. galloprovincialis in
higher Cd concentrations in seawater (see below).
The depuration experiments carried out on C. chione exposed to the two lower Cd concentra-
tions in seawater are also presented in Figure 1(d)–(f). Interestingly, C. chione shows a different
behaviour than M. galloprovincialis: gills show a quite significant depuration (especially at 1.0 mg
Cd/L seawater, where the depuration of the gills is 54%) whereas a concomitant increase of Cd
levels in the other two tissues was observed. It is possible that these two processes are related, and
more experiments are in progress to clarify this issue. In any case, considerable amounts of the
pollutant are still present in the tissues of the animals after 10 days of depuration, a result which
resembles findings by Freitas et al.[6] and Hédouin et al.[43] in other bivalve species.
The trend lines, and their correlation coefficients, of Cd accumulation in the three tissues of the
two bivalves were calculated for the two lower exposure levels (data not shown). For both animals,
all trend lines showed a statistically significant positive trend (the correlation coefficients of the
corresponding trend lines were higher than the theoretical values of 0.902 for degrees of freedom
(n − 2) = 2 and 0.773 for degrees of freedom = 3), except for the Cd concentration data in the
body of animals exposed to the lowest Cd level (0.5 mg Cd/L seawater). Positive trends have also
been reported in other studies of M. galloprovincialis and other bivalves.[5,9,23]
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Chemistry and Ecology 9
3.1.2. Ni
Exposure of the two species under study in Ni-contaminated seawater, even at high concen-
trations (20 mg/L Ni, 340.7μmol Ni/L), did not cause any mortality. On the other hand, Ni
accumulation in both species is lower than Cd accumulation. Nickel accumulation in the tis-
sues of the two species under study is shown in Figure 2. Figure 2(a)–(c) contains data for Ni
concentration in M. galloprovincialis tissues. As for Cd, in all concentrations of Ni in seawater
and in all tissues, there is an increase in the accumulation of Ni with the time of exposure to
Ni-polluted environment. However, this accumulation is higher when organisms are exposed to
lower concentrations of Ni (0.5 mg Ni/L seawater) as compared to the intermediate concentration
(1.0 mg Ni/L). This behaviour has also been observed in other studies.[27] At higher seawater
concentration (2.5 mg Ni/L), the accumulation becomes higher in all three tissues, and this is
much more profound at the highest concentration used (20 mg Ni/L). The accumulation of Ni
follows the order gills > body > mantle, same as Cd, however the concentrations of Ni in M.
galloprovincialis tissues are much lower compared to corresponding Cd concentrations in this
organism, with the exception of the highest Ni concentration in seawater (20 mg Ni/L), where all
three tissues of the mussels contain much higher levels of Ni compared to the highest concentration
of Cd used in our study, 20 mg/L 177.9μmol/L seawater (see Figures 1 and 2). This observation,
however, needs to be evaluated taking into account the much higher toxicity effects of Cd on the
mussels (e.g. mortality rates, see below). Nickel depuration experiments on M. galloprovincialis
are also shown in Figure 2(a)–(c). The amounts of Ni removed after 10 days of depuration varied
with the experimental conditions: gills depuration ranged between 17 and 52%, whereas mantle
depuration between 35–54% and body depuration between 0–64%. It is important to note that
the Ni concentrations after 10 days of depuration do not return to the control levels; instead they
remain relatively high in most of the experimental conditions. Longer depuration experiments are
needed to study the behaviour of this species.
C.chione exhibits a quite different behaviour than M. galloprovincialis regarding Ni accumu-
lation (Figure 2(d)–(f)). In general, Ni accumulation in C. chione tissues is not linear and not
as straightforward as for M. galloprovincialis. Our results indicate that C. chione behaves as
if it tries to resist to Ni accumulation. Higher amounts of Ni are accumulated in the tissues of
this species mainly when the animals are exposed for several days to very high levels of Ni in
seawater, whereas the tendency of the accumulation follows the order body > gills ≈ mantle. As
in mussels, 0.5 mg Ni/L seawater results in higher accumulation as compared to 1.0 mg Ni/L
seawater. The highest Ni concentration in seawater results in much higher accumulation in all
tissues (Figure 2). In gills, Ni accumulation reaches a maximum in the 5th day when animals are
exposed to 2.5 mg Ni/L seawater and in the 15th day when exposed to 0.5 or 1.0 mg Ni/L seawa-
ter, followed by a decrease the following days. These results could imply a defensive mechanism,
similar to the mechanism described above for Cd accumulation, which is triggered at relatively
higher Ni concentrations after some days of exposure, and it is capable for removing Ni. This
defensive mechanism could be balanced, or even outcompeted, at higher Ni concentrations.
Nickel accumulation in C. chione tissues was lower than the accumulation in M. galloprovin-
cialis tissues. However, M. galloprovincialis exhibits better depuration activity than C. chione: as
mentioned above, in a 10-day depuration experiment, Ni concentrations in all mussel tissues were
reduced in almost all the conditions examined. Nickel levels in C. chione tissues seem unaffected
for most of the conditions examined, after 10 days of depuration (Figure 2).
The calculation of the trend lines of Ni accumulation and their correlation coefficients resulted
in a statistically significant positive trend in all tissues of M. galloprovincialis with only one
exception (Ni concentration in the body of animals exposed to the lower Ni level of 0.5 mg/L).
The trend line plots for C. chione showed a significant increasing trend only in the gills exposed
to 0.5 and 1.0 mg Ni/L seawater and the body exposed to 0.5 mg Ni/L.
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3.1.3. Bioconcentration factor analysis
The bioconcentration factors of the three tissues under examination, for both organisms and in
all conditions used, are presented in Table 2. The bioconcentration factor (BCF) is the ratio
of the concentration of a substance in a tissue over the concentration of it in the aqueous
environment.[55] The BCF is a measure of the tendency of a substance in water to accumu-
late in aquatic organisms.[56] The BCFs for the three tissues under examination were calculated
from the concentrations of Cd and Ni in all the tissues of the two animals under study, in all the
conditions used. The equation which was used is
BCF = Ctissue − Ctissue control
Cwater
where Ctissue is the concentration of the heavy metal in the specific tissue at the specific conditions,
Ctissue control is the concentration of the heavy metal in the same tissue from control animals which
remained in heavy metal-free seawater for the same period of time as the exposed animals, and
Cwater is the nominal concentration of the heavy metal in the seawater. The results in Table 2
verify the observations about the accumulation of Cd and Ni in the gills, mantles and remaining
bodies of M. galloprovincialis and C. chione: (i) Both animals show a much higher tendency
for Cd than Ni accumulation. (ii) In general, M. galloprovincialis is a better accumulator for Cd
in the three lower concentrations, but C. chione accumulates more of this metal at the highest
exposure level, at least the first five days of exposure. (iii) BCF values for Ni are much higher
for M. galloprovincialis than for C. chione in almost all the conditions tested, showing that, in
general, M. galloprovincialis is a better accumulator than C. chione. (iv) All BCF values for Cd
followed the order gills > body > mantle for corresponding conditions, showing the tendency of
this metal to accumulate more in the gills of both organisms. This order is retained for Ni in M.
galloprovincialis tissues, but is changed in C. chione, becoming body > gills, mantle. Between
gills and mantle of C. chione the BCF trend for Ni is not clear.
The hypothesis presented in previous paragraphs of two competing processes taking place for
the accumulation of the heavy metals in the tissues (mainly in the gills) of the two bivalves is
also supported by the BCF values: BCF value for Cd in gills of M. galloprovincialis exposed to
1.0 mg Cd/L seawater for 20 days is 256, whereas for 15 days of exposure it is 661. For 2 mg Cd/L
seawater, the BCF values are 73 after 5 days of exposure and 62 after 10 days. Similar observations
can be made for several conditions, already referred previously in this article. Finally, it needs to be
noted that, in general, BCF values vary with the time of exposure, showing that the accumulation
of the metals in the tissues of the animals did not reach equilibrium until the end of the experiment.
This is more obvious for Cd accumulated in the gills of both animals.
3.2. Correlation of Zn and Fe levels with accumulated Cd and Ni
The potential correlations of the naturally existing Zn and Fe concentrations in the tissues of the
two animals with the levels of Cd and Ni were investigated for all the conditions used in this
study. For this reason, atomic absorption measurements for Fe and Zn were carried out in the
same samples used for the determination of Cd and Ni. Figure 3(a) and (b) presents, in 3D plots,
the alteration of Zn concentrations in the gills of M. galloprovincialis and C. chione vs. the Cd
concentration in seawater and the days of exposure. For comparison, the levels of Cd in the gills
are also shown. From these plots several observations can be made: first, the control levels (Day 0)
of Zn in the gills of the two animals are completely different, with the gills of M. galloprovincialis
containing much higher concentrations of Zn than the gills of C. chione. Secondly, the levels of Zn
in the gills of M. galloprovincialis appear, in general, to decrease as the levels of the accumulated
Cd increase. This is true for all the pollution levels examined. On the other hand, the Zn levels in the
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Chemistry and Ecology 11
Table 3. Correlation coefficients for the correlation trend lines of Cd and Ni with Zn
and Fe in the gills, mantles and bodies of M. galloprovincialis and C. chione.
M. galloprovincialis C. chione
Rexperimental na Rexperimental na
Cd-Zn gills −0.683 13 +0.532 16
Cd-Zn mantle −0.662 13 −0.395 16
Cd-Zn body −0.668 13 +0.087 16
Ni-Zn gills −0.226 20 +0.321 20
Ni-Zn mantle −0.607 20 +0.356 20
Ni-Zn body −0.391 20 +0.138 20
Ni-Fe gills −0.776 20 +0.028 20
Ni-Fe mantle −0.504 20 +0.081 20
Ni-Fe body −0.564 20 −0.032 20
Note: The statistically significant correlations are marked with grey.
adenotes the number of samples included in the calculations. The theoretical values for the correlation
coefficients were: |Rtheoretical| = 0.553(n = 13), 0.497 (n = 16), 0.444 (n = 20).
gills of C. chione do not seem to vary significantly in the different conditions examined, showing
that the Zn concentrations are not affected by the accumulation of Cd in this tissue. In Table 3 the
correlation coefficients of the trend lines between the studied metals are presented. The positive or
negative correlation between the concentrations of the two metals is designated by the sign of the
corresponding slope value. The statistically significant correlations are marked with grey shade.
For Cd and Zn, these data show a negative correlation in all three tissues of M. galloprovincialis,
and a positive correlation in the gills of C. chione. Also, negative correlations are shown for Ni
and Zn in the mantle of M. galloprovincialis and for Ni and Fe in all three tissues of this species.
Interestingly, corresponding correlations are absent for the tissues of C. chione. In general, data
in Table 3 show that accumulation of Cd and Ni in the tissues of M. galloprovincialis affects the
biologically important metals much more compared to C. chione. Maybe this is one of the reasons
of the higher tolerance of C. chione to increased levels of Cd pollution presented in this study.
3.3. Cd accumulation in the tissues of dead mussels
The mussels and clams-containing aquaria were inspected several times a day for dead organisms.
While possible, and with the requirement that they were completely intact, recently died organisms
were collected and dissected on ice, immediately after they were identified. Unfortunately, this
was not possible for all the conditions, and certainly it was not possible for C. chione, as this
bivalve lives buried in the sand, and when it was identified dead it already was seriously damaged
(decomposed). Figure 4 contains the concentrations of Cd in gills, mantles and bodies dissected
from dead mussels, the third and the fifth day after their exposure to 20 mg Cd/L seawater. The
corresponding Cd concentrations in the tissues from alive animals at the fifth day of their exposure
to Cd-contaminated seawater are also given for comparison. These results show clearly that there
is an excessive Cd accumulation in the gills and the mantles of the dead animals compared to the
concentrations in the tissues of alive animals. There was a two-fold increase of Cd in gills and a
four-fold increase in mantle. Bodies from dead animals did not show considerable increase in Cd
concentration. Most likely, the defensive system of some animals was not as effective as needed
in an environment heavily contaminated with Cd, and the consequent excessive accumulation of
the metal in the animals, and especially in their gills, caused their death. Possibly, right after the
exposure of the mussels to high Cd concentrations there is an acute accumulation of the metal
in the gills, which gradually is reduced through the distribution of the metal to other tissues, or
D
ow
nl
oa
de
d 
by
 [T
ec
hn
olo
gic
al 
Ed
uc
ati
on
al 
In
sti
tut
e],
 [N
iko
s L
yd
ak
is-
Si
ma
nti
ris
] a
t 0
0:3
0 2
8 M
ay
 20
14
 
12 O. Chalkiadaki et al.
Gills Mantle Body
0.0
0.1
0.2
0.3
0.4
0.5
[C
d] 
(m
g/g
d.w
.
)
Day 3 DEAD
Day 5 DEAD
Day 5 ALIVE
Figure 4. Concentrations of Cd in the tissues of dead and alive M. galloprovincialis exposed to 20 mg Cd/L seawater.
through the secretion of it via the digestion system. The death of the animals could be caused by
the inefficient removal of the excess Cd from the gills.
3.4. Heavy metal distribution in different tissues
The distribution of the heavy metals under examination in the three different parts of the organisms
was estimated and the data are presented in Figures 5 (Cd) and 6 (Ni). In general, M. gallo-
provincialis and C. chione exhibited quite different behaviour regarding the distribution of the
accumulated metals in their tissues. Also, there are differences between the two metals regarding
their distribution in the tissues of each species.
Starting with the background levels of the two metals in the tissues of the bivalves (Day 0),
M. galloprovincialis accumulates most of Cd in gills (40%) rather than in the mantle (32%) and
the body (28%), whereas C. chione stores background Cd mainly in the body (57%) and mantle
(35%) rather than the gills (8%) (Figure 5). Nickel is accumulated in control M. galloprovincialis
(Day 0) more evenly between gills and body (40 and 41%, respectively) with less amount being
present in mantle (19%), whereas in C. chione Ni is stored almost exclusively in the body (91%),
with the remaining being present in the mantle (Figure 6).
Within the first five days of exposure to the lower concentrations of the metals in seawater
a rather abrupt increase of the relative amount of both Cd and Ni in M. galloprovincialis body
was observed, which was not obvious at higher concentrations. Contrarily, exposure of C. chione
to the lower concentration of Cd in seawater results in a steep increase of the percentage of the
metal in gills, whereas exposure of this species to Ni causes an initial increase of its percentage
in mantle.
The first five days, the relative accumulation of Cd in M.galloprovincialis gills increases with
the concentration of the metal in seawater (from 29 to 59%). Similar behaviour but at a smaller
extent (from 16 to 33%) is also observed for the first three Ni concentrations. The % Cd in the
remaining body decreases accordingly (from 55 to 26%). On the other hand, the % Cd content
in the body of this animal shows a moderate increase with time at the same Cd concentration in
seawater, for all concentrations examined.
Ni content is higher in M.galloprovincialis bodies (36 to 75%) compared to the other two
tissues. This is more profound for the first three Ni concentrations in seawater, whereas at the
highest Ni concentration the distribution between gills and body becomes more even.
Cd distribution in Callista chione tissues showed the opposite behaviour than in Mytilus gal-
loprovincialis. In general, the Cd content in gills decreases as the Cd concentration in seawater
D
ow
nl
oa
de
d 
by
 [T
ec
hn
olo
gic
al 
Ed
uc
ati
on
al 
In
sti
tut
e],
 [N
iko
s L
yd
ak
is-
Si
ma
nti
ris
] a
t 0
0:3
0 2
8 M
ay
 20
14
 
Chemistry and Ecology 13
Figure 5. % Cd content in gills, mantle and the remaining body of M.galloprovincialis and C. chione in the time course
of the experiment.
Figure 6. % Ni content in gills, mantle and the remaining body of M.galloprovincialis and C. chione in the time course
of the experiment.
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Figure 7. Mortality rates of M.galloprovincialis and C.chione exposed to 2.5 and 20 mg Cd/L seawater.
increases, whereas the Cd content in the body increases accordingly. This is more profound in
the fifth day of the experiment where the Cd content in gills decreases from 62 to 11% and in
the body it increases from 19 to 79% as the Cd concentration in seawater increases from 0.5 to
20 mg/L. The percentage of Cd in mantle also decreases in higher Cd concentrations in seawater.
Ni accumulates mainly in the body of Callista chione, a behaviour which is similar with that
of mussels but at higher percentages (64 to 97%), independently of the experimental conditions.
In contrast with M. galloprovincialis, Ni did not exceed 10% in gills of C. chione in any of the
conditions examined in this work.
3.5. Tolerance to high Cd and Ni contamination
For mussels and clams exposed to nickel, even to 20 mg/L, no deaths occurred until the end of
the experiments. On the other hand, when both animals were exposed to cadmium, relatively high
mortality was observed.
The mortality rates of the two species were calculated as the ratio of the number of the dead
animals over the total number of animals (dead and alive) the day of the measurement × 100. In
Figure 7, data are presented for the % mortality rates of the two organisms in the two higher Cd
concentrations in seawater.
Mussels exposed to 0.5μmol/L and 1.0 mg/L Cd survived until the end of the experiment
with zero losses, whereas clams at the same concentrations showed a small mortality (3–6%) in
the first 2–3 days, but afterwards the cultures stabilised and no deaths were observed in the time
course of the experiment.
Both species exposed to 2.5 mg Cd/L survived until the 10th day with a constantly increasing
mortality rate for mussels (for mussels, mortality increased almost exponentially after the fifth
day). Mussels exposed to the highest cadmium concentration, 20 mg/L Cd, exhibited moderate
mortality rates the first 3–4 days of the experiment (26–28%) and finally survived until the fifth
day of the experiment, whereas clams survived until the 12th day, with low mortality rates the
first 10 days. Our data indicate clearly that Callista chione is more tolerant to Cd and Ni heavy
contamination in seawater than Mytilus galloprovincialis.
4. Conclusions
Studies on the behaviour of organisms used as bioindicators and/or as food, in high or very
high pollution levels are of particular significance as it is very important to know the survival
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Chemistry and Ecology 15
capacity, the rates and the levels of the pollutants accumulation in the animals’ tissues etc. Extreme
environmental pollution conditions of short duration and high intensity can occur mainly in coastal
areas influenced by various anthropogenic activities and may cause serious impacts on the local
ecosystems. Owing to their incidental appearance and short duration these pollution events are
difficult to be studied in the field so such studies are possible mainly under laboratory conditions.
M. galloprovincialis is used as a biomarker for marine pollution but has not been studied
exposed to high concentrations of heavy metals for relatively long time.[3,57,58] On the other
hand, there are very few studies about the effects of heavy metals on C. chione, a smooth clam with
high commercial value and very common seafood in many countries. In this study, we present
significant differences on the levels of accumulation and distribution of Cd and Ni in gills, mantles
and the remaining bodies of the two organisms, and on their tolerance in high concentrations of
Cd and Ni. In summary:
• M. galloprovincialis is a more effective accumulator of Cd and Ni than C. chione. However, C.
chione becomes a better Cd accumulator than M. galloprovincialis when exposed to very high
concentrations of Cd.
• A negative correlation between Zn and accumulated Cd and between Fe and accumulated Ni
was observed in M. galloprovincialis, but not in C. chione tissues. This could be one of the
reasons of increased tolerance of C. chione to elevated heavy metal pollution levels, as shown
in this study.
• Cd and Ni are distributed differently in the tissues of the two bivalves. For pollution assessment,
the right tissue needs to be chosen for analysis.
• The depuration of the two animals varied significantly for the two metals and for the different
tissues examined. After 10 days of depuration, significant amounts of metals remained in the
tissues, showing that the depuration of these species is a slow process.
• Cd exhibited much higher toxicity than Ni. C. chione is a more tolerant organism against high
concentrations of Cd in seawater than M. galloprovincialis.
• After some time of exposure of the bivalves in Cd or Ni-contaminated seawater a decrease of
the accumulation of the metals is observed, depending on the metal, its concentration and the
tissue. This result is consistent with a hypothesis we make about two competing processes taking
place regarding the behaviour of the two bivalves in a heavy metal-contaminated environment:
in one process, Cd or Ni accumulates first in the gills through filter-feeding and then it is
distributed in other tissues of the organism. When accumulation reaches a critical point, either
after longer time of exposure to relatively lower concentrations or shorter time of exposure to
higher concentrations of the metal in seawater, a second biochemical procedure is triggered,
by which removal (sequestration, excretion etc.) of the metal takes place. Work is in progress
to validate this hypothesis and to elucidate this detoxification mechanism.
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